Structure and function were studied for Crocodylus porosus transthyretin (crocTTR), an important intermediate in TTR evolution. The cDNA for crocTTR mRNA was cloned, sequenced and the amino acid sequence of crocTTR was deduced. In contrast to mammalian TTRs, but similarly to avian and lizard TTRs, the subunit of crocTTR had a long and hydrophobic N -terminal region. Different from the situation in mammals, triiodothyronine (T3) was bound by crocTTR with higher affinity than thyroxine (T4).
3 TRANSTHYRETIN (TTR), thyroxine-binding globulin and albumin are the major thyroid hormone-binding plasma proteins in larger placental mammals (27, 49) . Thyroid hormones have a pronounced tendency to partition into and accumulate in cell membranes because of their higher solubility in lipids than in water (13, 21, 52 ). In the body, a system of plasma proteins which strongly binds thyroid hormones is necessary to counteract the loss of these hormones from the vascular and interstitial compartments by permeation into cell membranes. It has been convincingly shown, using single-pass perfusion of liver in vitro, that thyroid hormones quickly disappear from the central vein Recently, the evolution of the structure and the expression pattern of the synthesis of TTR have been studied for a variety of species from fish to humans (for reviews see 34, 47, 49). The analysis of whole genome nucleotide sequence data has shown the presence of TTR gene-like open reading frames in microorganisms, primitive eukaryotes and 4 nematodes (36). The two main sites for TTR synthesis in the body of mammals and birds are the choroid plexus and the liver, the choroid plexus providing TTR for distribution in the brain, and the liver producing TTR for distribution in the vascular compartment of the body (for review see 48, 49). In the liver, the TTR gene was found to be expressed in eutherians (38; for review see 48), diprotodont marsupials (15, 38) , birds (14, 53 ) and juvenile fish (44), but not in monotremes (38, 47), Australian polyprotodont marsupials (38), turtles (39), adult amphibians (2) or adult trout, salmon or carp (38). The choroid plexus synthesized TTR in all these species, except the amphibians and fish (2, 36, 57 ).
The question arose as to whe ther and where in the body TTR might have been synthesized in the common ancestor of birds and mammals, the stem-reptiles. During evolution, the first traces of a neocortex appeared in the reptiles (25) . Until now, the tissues of only one reptilian species, the Australian stumpy-tailed lizard Tiliqua rugosa, have been analyzed for TTR gene expression. Tiliqua rugosa strongly expressed the TTR gene in the choroid plexus in the brain, but not at all in the liver (1) . It was desirable to ascertain whether TTR synthesis in choroid plexus, but not in liver, is a general feature of reptilians, suggesting the evolutionary origin of TTR synthesis in the brain at the stage of the stem-reptiles. Therefore, the TTR gene was cloned for Crocodylus porosus, sequenced and the tissue pattern of TTR gene expression was characterized.
The analysis of the amino acid sequence of TTR for a wide variety of species suggested a dichotomy of the evolution of the N-terminal section of TTR. A longer and more hydrophobic N -terminal region of TTR persisted in avians, and a shorter, more hydrophilic N -terminal TTR section evolved in eutherians. The comparison of the nucleotide sequence of the Crocodylus porosus and Tiliqua rugosa TTR genes with those of the TTR genes in other species presented here provided insight into the position of reptilians in evolution and into the molecular mechanism of the evolution of TTR. 5 Mammalian TTRs have a higher affinity for T4 than for T3, whereas avian TTRs have a higher affinity for T3 than T4 (7) . This difference may be important for the understanding of the evolution of thyroid hormone distribution in vertebrates, in particular in the brain.
Therefore, it was of interest to obtain data for the binding of thyroid hormones by TTR from reptilians. The reptilians were probably the first class of vertebrates to synthesize TTR in the choroid plexus (1). Unfortunately, since TTR is not expressed in the reptilian liver, it was not possible to obtain enough TTR from reptilian blood for TTR purification and physico-chemical studies of thyroid hormone binding. A recombinant protein synthesizing system of the yeast Pichia pastoris, synthesizing and secreting Crocodylus porosus TTR was established. TTR was purified from the supernatant of incubated recombinant P. pastoris cultures and used for the analysis of the binding of T4 and T3, to compare its binding characteristics with those of amphibian, avian and mammalian TTRs.
The N-terminal section of the TTR subunit seems to have evolved much faster than the rest of the molecule, whereas the thyroid hormone binding sites remained unchanged during vertebrate evolution (35, 49). The hypothesis was developed that this N-terminal section of the TTR subunit is responsible for the preference in binding of T3 or T4. It is not possible to determine the three-dimensional structure of this region of TTR by X-ray crystallography because the first nine amino acids of human TTR and the first 13 amino acids of chicken TTR do not form ordered structures (4, 54) . Here, the synthesis of a recombinant, chimeric crocodile TTR is reported in which the N-terminal section of crocodile TTR was replaced by the N-terminal section of Xenopus laevis TTR. The chimeric Xenopus/crocodile TTR synthesized and secreted by P. pastoris was purified and the binding of thyroid hormones was analyzed. The obtained results indicate that the N-terminal section of TTR influences thyroid hormone binding. 6 or by preparative discontinuous non-denaturing-PAGE using the Bio-Rad Prep Cell.
MATERIALS AND METHODS

Tissues
Determination of the masses of the recombinant TTR tetramers by gel filtration. Native molecular masses of recombinant TTRs were estimated as described previously (36). 
Analysis of N-terminal
SDS-PAGE. Analysis of proteins under denaturing conditions was performed in sodium
dodecyl sulphate polyacrylamide slab ge ls (15 % polyacrylamide, pH 8.6) using a 4 % polyacrylamide stacking gel (pH 6.8) and the discontinuous buffer system of Laemmli and Favre (26).
Western analysis. This was performed as described previously (40). signal with a size corresponding to that of TTR mRNA was detected in 20 µg of total RNA extracted from brain and eyes (Fig. 2) . The intensity of the crocodile brain TTR mRNA band was much greater than that of the mRNA band from eyes.
Evolution of the TTR gene. The derived amino acid sequence of crocodile TTR was aligned with the sequences of TTRs from 26 vertebrate species (Fig. 3) . Compared with the amino acid sequence of human TTR, crocTTR is 3 amino acids longer. The comparison of crocTTR with TTRs from other species revealed the following relative identities of amino acid sequences: human, 71%; hedgehog, 73%; shrew, 72%; pig, 74%;
sheep, 71%; rabbit, 75%; rat, 75%; mouse, 76%; wallaby, 73%; kangaroo, 73%; sugar glider, 74%; dunnart, 74%; South American gray opossum, 70%; chicken, 90%; lizard, 81%; bullfrog tadpole, 56%; Xenopus tadpole, 63%; and seabream, 50%. Thus, the amino acid sequence of crocodile TTR was, in this paper, placed in a position between those of chicken and lizard TTRs (Fig. 3 ).
The alignment of amino acid sequences of TTRs from 27 vertebrates, including eutherians, marsupials, avians, reptilians, amphibians and fish, showed that in the region corresponding to the β-strand A of the human TTR subunit, the amino acid residues are highly conserved throughout evolution. This is also the case for all positions in the central channel (4) (indicated in Fig. 3 by double underlining) and for the residues involved in the binding of thyroid hormones (11) (indicated in Fig. 3 by gray shading).
Mechanism of evolution of the TTR gene. In this paper, shifts in splice sites of TTR mRNAs from two reptilian species, a lizard and a crocodile, were studied. The nucleotide sequences of the genomic TTR DNAs were determined in the regions coding for the 5′ end of precursor TTR mRNAs. Oligonucleotide primers corresponding to sequences near the exon 1/exon 2 border of the reptilian TTR cDNAs were designed. They were used in a polymerase chain reaction with genomic DNA as the template, leading to the synthesis of The purified recombinant crocTTR was analyzed by SDS-PAGE (15 % polyacrylamide). The relative mobility of the subunit corresponded to that of a polypeptide with a mass of 15.5 kDa (Fig. 5A) . Fast protein liquid chromatography using a Superose-12 column showed a molecular mass for the native protein of 57.5 kDa (data not shown). Taken together, these results suggest a tetrameric structure for the crocTTR.
The recombinant crocTTR showed cross-hybridization with rabbit anti-serum against a mixture of human, wallaby, and chicken TTRs (Fig. 5A ). TTR dimers in addition to monomers could be detected, as previously reported for TTRs from other species (7, 36).
Dissociation constants for the recombinant TTRs and thyroid hormones were determined according to Chang et al. (7) . Purified TTR from chicken blood was included as a control.
The From the sequencing data of the purified chimeric TTR, the first eight amino acids from the N-terminus were alanine, proline, proline, glycine, histidine, alanine, serine and histidine. This revealed that the cleavage of the α-factor signal sequence by KEX2
protease occurred at the same site as that of the Xenopus TTR presegment by the signal peptidase in Pichia (36). Similar synthesis rates were obtained for the chimeric TTR and the wildtype crocTTR. The chimeric TTR possessed physicochemical properties similar to the wildtype TTR. This included subunit mass of 15.5 kDa (Fig. 5 A) , greater electrophoretic migration tha n albumin at pH 8.6 (data not shown), and crosshybridization with anti-serum against a mixture of human, wallaby and chicken TTRs (Fig. 5A ). The chimeric TTR had a molecular mass of 50.1 kDa (data not shown), as determined from relative mobility on a Superose-12 column, which was slightly less than that of the wildtype crocTTR.
Compared to wildtype crocTTR, the Xenopus/crocodile chimeric TTR showed different binding affinities for both T 3 and T 4 (Figs. 6A, B) . The chimeric TTR bound thyroid hormones with lower affinity than the wildtype crocTTR, but still bound T 3 with higher affinity than T 4 in RNA extracted from crocodile heart or liver. TTR is synthesized by the choroid plexus in all studied species of mammals, birds and reptiles (see 49). Similar to the situation for C.porosus and T.rugosa, the TTR gene is not expressed in liver, but is expressed very strongly in choroid plexus of Australian (15) Recently, it was demonstrated that juvenile salt water crocodiles have negligible activity levels of deiodinases performing deiodination of T 4 to T 3 in their brains (51). CrocTTR has higher affinity for T 3 than for T 4 (this study), and probably transports T 3 into the brain rather than T 4 . This is in sharp contrast to the situation for mammals: mammalian TTRs have higher affinity for T4 than for T3 (7) 
